Members of the IL-12 family perform essential functions in immunoregulation by connecting innate and adaptive immunity and are emerging therapeutic targets. They are unique among other interleukins in forming heterodimers that arise from extensive subunit sharing within the family, leading to the production of at least four functionally distinct heterodimers from only five subunits. This raises important questions about how the assembly of IL-12 family members is regulated and controlled in the cell. Here, using cell-biological approaches, we have dissected basic principles that underlie the biogenesis of the founding member of the family, IL-12. Within the native IL-12 heterodimer, composed of IL-12␣ and IL-12␤, IL-12␣ possesses three intramolecular and one intermolecular disulfide bridges. We show that, in isolation, IL-12␣ fails to form its native structure but, instead, misfolds, forming incorrect disulfide bonds. Co-expression of its ␤ subunit inhibits misfolding and thus allows secretion of biologically active heterodimeric IL-12. On the basis of these findings, we identified the disulfide bonds in IL-12␣ that are critical for assembly-induced secretion and biological activity of IL-12 versus misfolding and degradation of IL-12␣. Surprisingly, two of the three disulfide bridges in IL-12␣ are dispensable for IL-12 secretion, stability, and biological activity. Extending our findings, we show that misfolding also occurs for IL-23␣, another IL-12 family protein. Our results indicate that assembly-induced folding is key in IL-12 family biogenesis and secretion. The identification of essential disulfide bonds that underlie this process lays the basis for a simplified yet functional IL-12 cytokine.
For proteins of the secretory pathway, folding and assembly have to be coordinated in the endoplasmic reticulum (ER) 3 to guarantee the functionality of, in total, one-third of all human proteins (1) . This poses a challenge to the cell, as assembly intermediates may already resemble native states of proteins and are thus difficult to discriminate from mature proteins (2) .
Different principles are realized in oligomeric proteins to safeguard assembly. Insights into those have, among others, been obtained for proteins of the immune system, where assembly control is particularly critical in quantitative as well as qualitative terms to maintain immune homeostasis. Accordingly, quality control mechanisms have evolved that specifically fulfil the demands of certain immune proteins. For IgG antibodies, domain folding is coupled to heavy chain (HC)/light chain (LC) interaction and thus allows the ER chaperone machinery to efficiently discriminate native tetrameric IgG (HC 2 LC 2 ) from immature assembly states (3) (4) (5) . For the oligomeric IgM, pentamerization of HC 2 LC 2 tetramers also has to be assessed. This is particularly challenging, as HC 2 LC 2 tetramers are already well folded (6, 7) . Free cysteines within not yet pentamerized IgM underlie this critical quality control step and allow the recovery of HC 2 LC 2 tetramers from the Golgi via the chaperone ERp44 (8, 9) . For oligomeric membrane-embedded B cell receptors, assembly within the membrane can be directly scrutinized (10) . In the case of an even more complex membrane protein in the immune system, the ␣␤T cell receptor, multiple checkpoints exist that couple folding, membrane integration, and shielding of retention motifs to scrutinize the assembly of, in total, eight polypeptide chains and thus guarantee correct receptor functionality (11) (12) (13) (14) (15) (16) (17) .
For one important family of proteins in the immune system, the IL-12 family, which comprises IL-12, IL-23, IL-27, and IL-35 (18) and likely even further members (19) , the principles of assembly control are not yet understood but are particularly intriguing: each family member is a heterodimer composed of one ␣ and one ␤ subunit. The ␣ subunits are four-helix bundle proteins; ␤ subunits are composed of fibronectin and Ig domains and are related to IL receptors (20, 21) . Furthermore, the four heterodimeric family members are made up of only five This work was supported by CIPSM, the Fonds der Chemischen Industrie, and the Daimler and Benz Foundation and was performed in the framework of SFB 1035 (German Research Foundation DFG, Sonderforschungsbereich 1035, Project B11). The authors declare that they have no conflicts of interest with the contents of this article. This article contains supplemental Figs. 1-3. 1 Supported by the Else Kröner-Fresenius Foundation Grant 2015_A195. 2 shared subunits, three ␣ (IL-12␣/p35, IL-23␣/p19, and IL-27␣/ p28), and two ␤ subunits (IL-12␤/p40 and Ebi3), adding a layer of combinatorial complexity to assembly regulation and control in the cell, in particular because certain immune cells produce all five subunits simultaneously (see e.g. Ref. 22) , and the family members perform highly distinct immunoregulatory roles. IL-12 and IL-23 are mostly proinflammatory cytokines, and targeting IL-12 and IL-23 has emerged as an important therapeutic avenue to treat immune-mediated inflammatory diseases (23) . In contrast, IL-27 and IL-35 act immunomodulatory or immunosuppressive, respectively (18, 24) . To dissect the molecular principles of IL-12 family assembly, in this work, we focused on the founding member IL-12/p70 (25) (26) (27) . IL-12 is produced by antigen-presenting cells and can stimulate T cell differentiation into proinflammatory T H 1 cells that secrete IFN␥, which further increases T H 1 cell differentiation in a positive feedback loop (28, 29) . As such, IL-12 is critical for the eradication of intracellular pathogens and has gained interest in stimulating antitumor responses and regulating autoimmunity (18, 24, 30) . IL-12 is a disulfide-bridged heterodimeric glycoprotein composed of IL-12␣ and IL-12␤ (21, 27) . Both subunits need to be expressed simultaneously to secrete bioactive IL-12 (26, 31) . Of note, isolated IL-12␤ can be secreted as a monomer or homodimer (27, 32, 33) , whereas isolated IL-12␣ is retained in cells, and its secretion depends on IL-12␤ expression (34, 35) . Why IL-12␣ as opposed to IL-12␤ is retained and how IL-12␤ induces secretion of IL-12␣, and thus biologically active IL-12, has remained unclear but is critical to understand IL-12 family-mediated immune reactions as well as principles governing cellular protein assembly control.
Here we show that, in isolation, IL-12␣ fails to fold properly, forming non-native disulfide bonds. Misfolding is inhibited by IL-12␤, giving rise to the native IL-12 heterodimer. Furthermore, we identify which of the seven cysteine residues in IL-12␣ contribute to folding and heterodimerization versus misfolding and degradation. Last, we extend our insights to another IL-12 family member, IL-23, which possesses a different ␣ subunit than IL-12 (IL-23␣/p19) but shares IL-12␤ (36) . This study thus establishes assembly-induced folding as a general mechanism in IL-12 family biogenesis.
Results

IL-12␤ releases IL-12␣ from ER retention
The secretion of IL-12 depends on the expression of both subunits of the IL-12 heterodimer ( Fig. 1A) , IL-12␣ and IL-12␤ (26, 31) . It has been shown that IL-12␣ is retained in the cell in isolation, whereas isolated IL-12␤ is readily secreted, and its expression is limiting for the secretion of heterodimeric IL-12 (34) . In agreement with these findings, our data show that human IL-12␣ is retained in 293T cells, an established model cell line for studying IL-12 family assembly (34, 36 -38) , and its secretion is induced by human IL-12␤ ( Fig. 1B) . In contrast, IL-12␤ alone is readily secreted (Fig. 1C ). Although IL-12 is a Figure 1 . IL-12␣ secretion depends on IL-12␤ co-expression. A, IL-12 structure. IL-12 is composed of two covalently linked subunits (IL-12␣ and IL-12␤, structure based on PDB code 3HMX). The IL-12␣ subunit is depicted in gray and the IL-12␤ subunit in blue. The intermolecular disulfide bond between IL-12␣ Cys-96 and IL-12␤ Cys-199 is shown in a yellow CPK representation. B, IL-12␣ secretion analyzed by immunoblotting. IL-12␣ is retained in the cell when expressed in isolation (L, lysate), and co-expression of IL-12␤ induces its secretion (M, medium) independent of the presence or absence of the cysteine residues that form the IL-12␣-IL-12␤ disulfide bridge. 1% lysate or medium was applied to the gel and blotted with the indicated antibodies. Hsc70 served as a loading control. MW, molecular weight. C, IL-12␤ secretion analyzed by immunoblotting. The same as in B, except isolated IL-12␤ and its C199S mutant were analyzed. D, IL-12␣ secretion and glycan modification by metabolic labeling. Cells were transfected with IL-12␣ or empty pSVL vector (mock) and metabolically labeled for 1 h before they were chased for the indicated times. Immunoprecipitations (IP) from cell lysates or media were performed with IL-12␣ antibodies and samples were treated with Endo H (H) or PNGase F (F) where indicated. E, IL-12␤ secretion and glycan modification by metabolic labeling. The same as in D, except IL-12␤ was analyzed. F, IL-12 secretion and glycan modification upon co-expression of IL-12␣ and IL-12␤ by metabolic labeling. The same as in D, except IL-12␣ was co-transfected with IL-12␤. covalent heterodimer ( Fig. 1A) , mutation of the cysteine residues in IL-12␣ and IL-12␤ that form the interchain disulfide bond in the heterodimer to Ser (IL-12␣ C96S and IL-12␤ C199S , respectively) neither significantly affected IL-12␤-induced secretion of IL-12␣ ( Fig. 1B) (21, 39) nor secretion of IL-12␤ C199S alone (Fig. 1C) .
To define the site of intracellular retention of IL-12␣ and thus assembly with IL-12␤, we performed metabolic labeling experiments coupled to immunoprecipitation and enzymatic deglycosylation. In these experiments, the entire pool of IL-12␣ expressed in isolation was Endo H-sensitive, indicative of its retention in the ER (Fig. 1D ). IL-12␤ became partially Endo H-resistant upon secretion but remained PNGase F-sensitive, as expected for a protein transported through the Golgi (Fig.  1E ). In agreement with previous studies (33, 34, 40) and our immunoblotting data ( Fig. 1B) , co-expression of IL-12␤ induced secretion of IL-12␣ concomitant with it becoming Endo H-resistant, as expected for bona fide secretion ( Fig. 1F ). Of note, upon co-expression of both subunits, IL-12␣ could be co-immunoprecipitated with IL-12␤ in both its Endo H-sensitive as well as Endo H-resistant forms from cell lysates ( Fig. 1F ). Extending earlier studies (33, 34, 40) , our data show that IL-12 assembly occurs in the ER and that passage time through the Golgi is long enough to also allow co-immunoprecipitation of Endo H-resistant IL-12␣ with IL-12␤.
Misfolding of isolated IL-12␣ is inhibited by IL-12␤
To assess the molecular basis for ER retention of IL-12␣, we analyzed its redox status in the cell as an indicator of its folding state (41) . IL-12␣ possesses seven cysteines, six of which form three intramolecular disulfide bonds in the native state, and one forms an intermolecular disulfide bridge with IL-12␤ (21) . Analysis of the redox status of IL-12␣ by non-reducing SDS-PAGE coupled to immunoblotting revealed multiple redox species for IL-12␣ expressed in isolation that collapsed into a single species upon treatment of cells with the reducing agent DTT ( Fig. 2A) . These species included one with a higher electrophoretic mobility than the reduced protein, indicating disulfide bridge formation, a species with the same mobility as the reduced protein, and a prominent species at approximately the size of an IL-12␣ dimer as well as several higher-molecularweight forms ( Fig. 2A ). Under the IL-12␣/IL-12␤ expression ratio of our experiments, co-expression of IL-12␤ led to secretion of the covalent IL-12␣-IL-12␤ heterodimer concomitant with the disappearance of all intracellular redox species except for the heterodimer ( Fig. 2A ). Of note, when IL-12␣ C96S was analyzed analogously, a very similar mispairing behavior of its disulfide bonds was observed ( Fig. 2B ). This argues that the multiple redox species of IL-12␣ are not caused by its Cys-96 residue, which is unpaired in the absence of IL-12␤. Similar to the WT pair, IL-12␤ C199S induced secretion of IL-12␣ C96S , which, when secreted, migrated with an electrophoretic mobility in between the species observed in the lysate (Fig. 2B ). This suggests the formation of intrachain disulfide bonds and further modification of the N-linked glycans in the Golgi in IL-12␣ C96S , as was expected to occur upon its secretion induced by IL-12␤ C199S .
The different high-molecular-weight redox species observed for IL-12␣ could either be due to covalent IL-12␣ oligomerization, interaction with other cysteine-containing proteins, e.g. ER oxidoreductases, or both. To discriminate between these scenarios for the major IL-12␣ species of ϳ50 -60 kDa (Fig. 2, A  and B) , we co-expressed HA-tagged and untagged IL-12␣. If the ␣ subunit was able to form homodimers, then a mixed complex of untagged and HA-tagged ␣ subunits with a size in between the homogenous complexes would be expected. Indeed, in these experiments, three bands of the expected sizes of the possible IL-12␣ dimers were present ( Fig. 2C ). Thus, in absence of the IL-12␤ subunit, IL-12␣ is prone to form disulfide-bridged homodimers.
To assess whether our findings were IL-12␣-specific or more general within the IL-12 family, we analogously analyzed the redox status of isolated IL-23␣. Like IL-12␣, IL-23␣ also pairs with IL-12␤, but to form another IL-12 family member, IL-23 (36) . Similar to IL-12␣, we observed covalent misfolding for Where indicated, samples were treated with ␤-mercaptoethanol (␤-Me) after cell lysis to provide a standard for completely reduced protein, or cells were treated with DTT for 1 h before lysis to reduce disulfide bonds in cells. Alternatively, IL-12␤ was co-expressed to analyze its effect on the redox status of IL-12␣. 293T cells were (co-)transfected with the indicated IL-12␣/␤ subunits, and 2% lysate (L) or medium (M) was applied to the gel and blotted with the indicated antibodies. IL-12 heterodimers are indicated by an asterisk. MW, molecular weight. B, IL-12␣ C96S redox status in the cell. The same as in A, except IL-12␣ C96S was analyzed in the absence or presence of IL-12␤ C199S as indicated. Secreted IL-12␣ C96S is indicated by an asterisk. C, IL-12␣ oligomerization in the cell. Possible IL-12␣ dimerization was assessed by co-expression of untagged and HA-tagged IL-12␣ subunits. IL-12␣ untagged/HA-tagged-only samples served as size standard in comparison with the co-transfected sample. 1% lysate was analyzed by non-reducing SDS-PAGE (8% gel) and blotted with the indicated antibodies.
isolated IL-23␣, and, interestingly, even comparable redox species were present (supplemental Fig. 1 ).
The different intra-and interchain disulfide bonds of IL-12␣ vary in their impact on IL-12 folding, assembly, and secretion
Our data reveal that isolated IL-12 family ␣ subunits populate non-native redox species in the cell whose formation is suppressed by IL-12␤. To assess the impact of the different cysteine residues in IL-12␣ on this behavior, we individually replaced each of the disulfide bond-forming cysteine pairs in IL-12␣ (SS1-3) with serines ( Fig. 3A) , denoted as ⌬SS1/2/3. Our data show that all IL-12␣ mutants individually lacking one disulfide bridge had a qualitatively comparable redox pattern to WT IL-12␣, including monomers, dimers, and larger species (Fig. 3B, left panel) . However, the relative amount of the species varied significantly for the different mutants in comparison with the WT. To assess the extent of covalent misfolding of the different disulfide mutants, we quantitatively compared the percentage of high-molecular-weight (HMW) and low-molecular-weight (LMW) species, defined as species migrating above or below 35 kDa, respectively ( Fig. 3B, left panel) . Remarkably, all disulfide mutants showed significantly less HMW species than the WT, with mutants ⌬SS1 and ⌬SS2 having a particularly strong impact ( Fig. 3B, right panel) . All mutants were still retained in the cell when expressed in isolation and thus unable to pass ER quality control ( Fig. 3C ). Upon IL-12␤ co-expression, IL-12␣ ⌬SS1 and ⌬SS2 were secreted to a very similar extent as IL-12␣ WT, whereas IL-12␣ ⌬SS3 showed no secretion upon co-expression of IL-12␤ ( Fig. 3C ). Furthermore, all secretion-competent IL-12␣ disulfide mutants were still able to form the heterodimeric IL-12 complex inside the cell, albeit with an apparently slightly reduced efficiency, as judged by the presence of different IL-12␣ redox species even in the presence of IL-12␤ (supplemental Fig. 2 ). To further analyze the secretion behavior of our mutants, we co-transfected them with IL-12␤ C199S , which cannot form the intermolecular disulfide bridge, resulting in a non-covalent IL-12 complex. IL-12␣ ⌬SS1 and ⌬SS2 were still secreted with IL-12␤ C199S but much less efficiently than the IL-12␣ WT/IL-12␤ C199S pair (Fig. 3D) , revealing an interplay between the different disulfide bonds. Again, no secretion of IL-12␣ ⌬SS3 could be detected (Fig. 3D) , which is in agreement with the observed redox species (supplemental Fig. 2) .
Because our data revealed that disulfide bridges 1 and 2 in IL-12␣ were dispensable for secretion of a covalent IL-12␣-IL-12␤ heterodimer (Fig. 3C ), in the next step we combined these deletions (⌬SS1&2), giving rise to an IL-12␣ mutant with only three cysteine residues. This mutant populated the least amount of HMW species of all mutants tested ( Fig. 3B ). Of note, it was the only mutant that showed exclusively one monomeric species, migrating the same as the reduced protein ( Fig.  3B, left panel) . Furthermore, secretion of IL-12␣ ⌬SS1&2 could still be induced by IL-12␤ WT but not by IL-12␤ C199S (Fig. 3, C  and D) . Secretion of IL-12␣ ⌬SS1&2 in the presence of IL-12␤, however, appeared to be somewhat less efficient than for the individual deletions ( Fig. 3C and supplemental Fig. 2) .
A limited role of the IL-12␣ cysteine residues in its degradation
The reduction of disulfide bonds can be rate-limiting in ERassociated protein degradation (ERAD) (42) . Because we had observed covalent misfolding for IL-12␣, we assessed the halflife of our IL-12␣ disulfide mutants by cycloheximide (CHX) chase experiments. For WT IL-12␣, we observed a half-life of ϳ1.6 h ( Fig. 4A ), in agreement with a previous study that reported a half-life of ϳ2 h (34) . Unexpectedly, we observed no significant differences in the half-lives of all IL-12␣ disulfide mutants in comparison with WT IL-12␣ (Fig. 4A ). Taken together, these data suggested an overall limited role of disulfide bridges on the stability of unassembled IL-12␣ in the cell, and we only observed slightly different degradation kinetics of IL-12␣ HMW species versus LMW species (supplemental Fig.  3 ). Nevertheless, IL-12␣ HMW species most likely need to be reduced prior to degradation. Thus, to further understand the biological fate of misassembled IL-12 ␣ subunits, we assessed whether the BiP co-chaperone ERdj5 (43) was involved in their degradation. For the truncated ␣1-antitrypsin mutant NHK, which aberrantly forms disulfide-bridged dimers, ERdj5 accelerates its degradation (42) . Interestingly, overexpression of ERdj5shiftedtheHMW/LMWratioofIL-12␣towardthemonomeric species, arguing that ERdj5 can indeed reduce covalent IL-12␣ assemblies (Fig. 4B) . Degradation of IL-12␣ in the presence of ERdj5, however, was not accelerated but, rather, appeared slightly decelerated, indicating that reducing the disulfide bridges in misassembled IL-12␣ is not rate-limiting for its degradation (Fig. 4C) .
A simplified, biologically active IL-12
Because our data revealed that two of three disulfide bridges in IL-12␣ are dispensable for secretion and did not change the rate of IL-12␣ degradation, we next investigated their impact on the stability and biological activity of IL-12. Toward this end, we incubated supernatants of 293T cells co-transfected with IL-12␤ and either IL-12␣ WT, ⌬SS1, ⌬SS2, or ⌬SS1&2 for extended times at 37°C (IL-12␣ ⌬SS3 was excluded because it was not secreted with IL-12␤). None of the constructs showed detectable aggregation within 48 h, and all revealed a stability comparable with WT IL-12 (Fig. 5A) .
Next, to dissect the impact of the different cysteine deletions in IL-12␣ on IL-12 activity, we used supernatants of 293T cells co-transfected with IL-12␤ WT and all different IL-12␣ mutants and assessed their effect on IFN␥ induction in human peripheral blood mononuclear cells (hPBMCs). For all mutants that were secreted in the presence of IL-12 ( Fig. 3C ), we also observed induction of IFN␥ in hPBMCs (Fig. 5B) , indicating that most cysteines within IL-12␣ are not essential for IL-12 activity.
Discussion
Since its discovery, IL-12 has gained particular interest because of its heterodimeric nature (25) (26) (27) . Early on, it had been speculated that its ␤ subunit could potentially act as a scaffold for more than one co-subunit because IL-12␤ could not The anti-IL-12␣ immunoblot signal for soluble protein was normalized to the signal at 0-h incubation for the respective IL-12␣ constructs (right panel, n ϭ 4 Ϯ S.E.). MW, molecular weight. B, biological functionality of different IL-12 disulfide mutants. To assess the biological activity of IL-12 complexes containing different IL-12␣ mutant subunits, hPBMCs (from six blood donors) were stimulated with supernatants from 293T cells expressing IL-12␤ and one of the different IL-12␣ constructs as indicated. The relative expression of IFN␥ was determined by quantitative PCR and normalized to IFN␥ expression in hPBMCs in the presence of medium only. only be secreted in complex with IL-12␣ but also alone (27, 31) . This idea was proven correct when IL-23 was discovered (36) and, more recently, has come into focus again when mass spectrometric studies revealed several IL-12␤-interacting proteins in mouse plasma (44) . This interaction promiscuity is a general theme within the IL-12 family, where at least four heterodimers (IL-12, IL-23, IL-27, and IL-35) are made up by only five subunits (18, 19) . Because IL-12␣ as well as IL-23␣ secretion are dependent on IL-12␤ (26, 31, 34, 36) , and secreted IL-12␤ can compete with IL-12 signaling (32, 45) , important questions arise about how IL-12␤ can induce the secretion of multiple ␣ subunits and how this process, and thus downstream immune reactions, are regulated and controlled in the ER. The IL-12 family thus extends assembly-induced secretion as a principle in ER quality control (1, 46) by important questions.
Our data show that assembly-induced folding of IL-12␣ is key: isolated IL-12␣ misfolds and forms non-native disulfide bonds. IL-12␤ inhibits these side reactions in the ER and induces formation of native IL-12. It is noteworthy that isolated IL-12␣ predominantly forms covalent homodimers. Such a well defined interaction suggests a certain degree of structure in isolated IL-12␣. In other proteins of the immune system, where assembly-induced folding underlies ER quality control, no such well defined non-native covalent assembly states have been observed (5, 11, 47) , but, interestingly, we also observed a similar behavior for IL-23␣.
In more general terms, the formation of non-native disulfide bonds is frequently an initial step in oxidative protein folding, and it is often assumed that folding drives correct disulfide bond formation (48 -50) . Because IL-12␣ depends on IL-12␤ for proper folding, oxidation can be separated from folding. It remains to be seen whether IL-12␤ can rescue IL-12␣ from misfolding, as has been observed for the ␣␤TCR upon assembly in vitro (11) , or whether assembly has to occur early on to inhibit otherwise irreversible IL-12␣ misfolding. In addition to their effects on folding, non-native disulfide bonds can decelerate degradation by ERAD. We find that overexpression of ERdj5, an ER oxidoreductase involved in ERAD (42) but also in disulfide isomerization during productive folding (51) , reduces the amount of non-native covalently assembled IL-12␣ but does not accelerate IL-12␣ degradation. In combination with our findings that the half-life of the different IL-12␣ disulfide mutants was unaltered, this argues that ERAD factors downstream of ERdj5/IL-12␣ reduction are likely rate-limiting for its degradation.
Native IL-12␣ possesses three intramolecular and one intermolecular disulfide bridge connecting it with IL-12␤ (21) . Although the intermolecular disulfide bridge is dispensable for the secretion of bioactive IL-12 (21, 39) , our data show that an interplay exists between the various disulfide bridges within IL-12␣ and the IL-12 heterodimer. Surprisingly, two of the three disulfide bridges within IL-12␣ can be deleted while still allowing secretion of IL-12, but only if these IL-12␣ mutants can form covalent dimers with IL-12␤. If not, then IL-12␤induced secretion of IL-12␣ lacking any one of its disulfide bridges is drastically reduced, arguing for a mutual stabilization by intra-and intermolecular disulfide bridges in IL-12. Previous studies had shown that tunicamycin, which globally inhibits N-linked glycosylation, significantly reduces IL-12 secretion (33) . Often an interplay between glycosylation and oxidative folding exists, e.g. by chaperone recruitment to or exclusion from certain sites within a polypeptide and mediated by Calnexin/Calreticulin-recruited protein disulfide isomerases (1, 52) . Abolishment of IL-12 glycosylation by tunicamycin treatment may thus also impact correct oxidative folding of IL-12␣, which we now report to be important in IL-12 biogenesis. However, our findings also show that a simplified IL-12 heterodimer is possible. Deleting two of the three disulfide bridges in IL-12␣ did still allow for secretion in the presence of IL-12␤. Furthermore, these deletions did not appear to significantly reduce the stability of IL-12, whereas biological activity was maintained, and covalent misfolding within cells was reduced. Based on our data, we cannot exclude, however, that biological activity under limiting concentrations of IL-12 was reduced or stability under more drastic conditions or in more complex physiological environments was compromised. Nevertheless, the combination of these beneficial traits may render this simplified IL-12␣ an interesting molecule, as IL-12 has regained interest in immunotherapy (53, 54) . Of note, this simplified IL-12 also shows that population of a more compact IL-12␣ species, which argues for disulfide bond formation within the subunit (see Fig.  3B ), is not a prerequisite for assembly with IL-12␤ and IL-12 secretion. This highlights intriguing questions regarding the structural biology of IL-12 cytokines: what extent of structure within IL-12␣ and IL-23␣ is necessary for specific recognition by IL-12␤ to form the similar but structurally distinct IL-12 or IL-23 heterodimers (21, 55) ? And how, being incompletely structured, does IL-12␣ specifically recognize even a second interaction partner, Ebi3, to give rise to IL-35 (38, 56) ? The answers to these questions, building on our findings (Fig. 6) , will depend on more detailed in vitro studies as well as insights into which ER chaperones regulate and control these processes (57) to reveal how folding and assembly of IL-12 family members is orchestrated in immune cells to shape immune responses.
Experimental procedures
Constructs
Human interleukin cDNAs were obtained from Origene (Rockville) and cloned into the pSVL vector (Amersham Biosciences) for mammalian expression. FLAG-tagged murine ERdj5 (42) was a kind gift from Kenji Inaba (Tohoku University). Mutants were generated by site-directed mutagenesis. All constructs were sequenced.
Cell culture and transient transfections
293T cells were grown in DMEM containing L-Ala-L-Gln (AQmedia, Sigma-Aldrich) supplemented with 10% (v/v) fetal bovine serum (Biochrom) at 37°C and 5% CO 2 . The medium was complemented with a 1% (v/v) antibiotic-antimycotic solution (25 g/ml amphotericin B, 10 mg/ml streptomycin, and 10,000 units of penicillin; Sigma-Aldrich). Transient transfections were carried out for 24 h in either p35 or p60 poly D-lysine-coated dishes (BD Biosciences) using GeneCellin (BioCell-Challenge) according to the protocol of the manufacturer. In p35 dishes, 1 g of IL-12␣ DNA and 2 g of IL-12␤ DNA were always (co-)transfected, and in p60 dishes, 2 g of IL-12␣ DNA and 4 g of IL-12␤ DNA were always (co-)transfected unless stated otherwise. For ERdj5 experiments, 1 g of IL-12␣ DNA was co-transfected with 1 g of ERdj5 DNA.
Immunoblotting experiments
For secretion experiments by immunoblotting, cells were transfected for 8 h in p35 dishes, washed twice with PBS, and then supplemented with 0.5 ml of fresh medium for another 16 h. For CHX chase assays, cells were treated with 50 g/ml CHX (Sigma-Aldrich) for the times indicated in the figures before lysis. Prior to lysis, when indicated, cells were treated with 10 mM DTT or 1 g/ml brefeldin A (Sigma-Aldrich) for the last hour, washed twice in ice-cold PBS, supplemented with 20 mM NEM when samples were to be run on non-reducing SDS-PAGE gels. Cell lysis was carried out in RIPA buffer (50 mM Tris/HCl, pH 7.5, 150 mM NaCl, 1.0% Nonidet P40 substitute, 0.5% sodium deoxycholate, 0.1% SDS, 1x Roche complete Protease Inhibitor w/o EDTA; Roche Diagnostics). 20 mM NEM was added to the lysis buffer for non-reducing SDS-PAGE gels. To analyze secreted proteins, the medium was centrifuged for 5 min at 300 ϫ g and 4°C. Subsequently, samples were supplemented with 0.1 volumes of 500 mM Tris/HCl (pH 7.5), 1.5 M NaCl (and 200 mM NEM in the case of non-reducing SDS-PAGE), and protease inhibitor and centrifuged for 15 min at 20,000 ϫ g and 4°C. Samples were supplemented with 0.2 volumes of 5ϫ Laemmli containing either ␤-Me for reducing SDS-PAGE or 100 mM NEM for non-reducing SDS-PAGE. For the stability assay, samples were treated like described above for secretion experiments, incubated at 37°C for the times indicated in the figures, and recentrifuged (15 min, 20,000 ϫ g, 4°C), and the pellet as well as the supernatant were supplemented with equal amounts of 1ϫ Laemmli containing ␤-Me.
For immunoblots, samples were run on 12% SDS-PAGE gels, transferred to PVDF membranes, and blotted with anti-IL-12␣ (Abcam, ab133751; 1:1000 in TBS, 0.05% Tween, 5% milk), anti-IL-12␤ (Abcam, ab133752; 1:500 in TBS, 0.05% Tween, 5% milk), anti-Myc tag (Millipore, 05-724; 1:500 in TBS, 0.05% Tween, 5% milk), anti-FLAG (Sigma-Aldrich, F1804; 1:1000 in TBS, 0.05% Tween, 5% milk), or anti-Hsc70 (Santa Cruz Biotechnology, sc-1059; 1:1000 in gelatin buffer (0.1% gelatin, 15 mM Tris/HCl (pH 7.5), 130 mM NaCl, 1 mM EDTA, 0.1% Triton X-100, 0.002% NaN 3 )). Species-specific HRP-conjugated secondary antibodies (in TBS, 0.05% Tween, 5% milk or gelatin buffer) were used to detect the proteins (Santa Cruz Biotechnology). Blots were detected using Amersham Biosciences ECL Prime (GE Healthcare) and a Fusion Pulse 6 imager (Vilber Lourmat).
Metabolic labeling
Metabolic labeling, immunoprecipitation, and autoradiography were performed as described previously (12) using the same antibodies as for immunoblotting. Endo H/PNGase F (New England Biolabs) deglycosylation experiments were carried out according to the protocols of the manufacturer.
Quantification and statistics
Western blots were quantified using the Bio-1D software (Vilber Lourmat). Statistical analyses were performed using Prism (GraphPad Software). Where indicated, data were analyzed with two-tailed, unpaired Student's t tests. Differences were considered statistically significant when p Ͻ 0.05. Where no statistical data are shown, all experiments were performed at least three times, and one representative experiment was selected.
PBMC stimulation assays
Whole blood was collected from six healthy volunteers at the Center of Allergy and Environment Munich after informed written consent and ethical approval by the internal ethics review board at the University Hospital of the Technical University of Munich (internal reference number 5156/11) in S-Monovette tubes with EDTA (Sarstedt). PBMCs were isolated by gradient centrifugation using Polymophoprep (Axis Shield) and depleted of CD14-positive monocytes by using human CD14 MicroBeads (Miltenyi Biotec) according to the protocol of the manufacturer. CD14-negative PBMCs were cryopreserved until further use. Frozen PBMCs were rapidly thawed at 37°C and resuspended in RPMI 1640 medium (Thermo Fisher Scientific) supplemented with 10% heat-inactivated FBS (GE Healthcare) and 100 units/ml penicillin, 100 g/ml streptomycin, 1 g/ml gentamicin, and 2 mM L-gluta-mine (Thermo Fisher Scientific). The different IL-12 constructs were expressed in 293T cells as described above. IL-12-containing 293T supernatants were centrifuged for 30 min at 2000 ϫ g and 4°C before use. Thawed PBMCs were seeded at a density of 1 ϫ 10 6 /ml and stimulated with 20 l of supernatant from 293T cells expressing the different IL-12 constructs or 293T medium as a control and incubated for 24 h at 37°C and 5% CO 2 . After centrifugation (2000 rpm, 3 min, 4°C), PBMCs were rinsed with cold PBS and lysed in RLT buffer (Qiagen) supplemented with 1% ␤-mercaptoethanol at room temperature. Cell lysates were stored at Ϫ70°C or directly used for RNA isolation. Total RNA was isolated using QuickRNA TM MicroPrep (Zymo Research) following the instructions of the manufacturer. cDNA was synthesized using the high-capacity cDNA reverse transcription kit (Thermo Fisher Scientific) following the instructions of the manufacturer. cDNA was diluted in diethylpyrocarbonate (DEPC)-treated water (Thermo Fisher Scientific) to a concentration of 1.25 ng/l. Quantitative PCR was performed in 384-well plates (4titude) in duplicates using Fast-Start Universal SYBR Green Master (Rox) (Roche) and forward and reverse target gene primers in a final concentration of 640 nM (18S forward, 5Ј-GTA ACC CGT TGA ACC CCA TT-3Ј; 18S reverse, 5Ј-CCA TCC ATT CGG TAG TAG CG-3Ј; IFN␥ forward, 5Ј-TCA GCC ATC ACT TGG ATG AG-3Ј; IFN␥ reverse, 5Ј-CGA GAT GAC TTC GAA AAG CTG-3Ј; Metabion). Data were collected in a ViiA TM 7 real-time PCR system (Thermo Fisher Scientific) under the following conditions: 50°C for 2 min (once) and 95°C for 10 min (once), followed by 40 cycles of 95°C for 15 s and 60°C for 1 min. Samples exceeding a cycle threshold (Ct) of 35 were excluded from data processing. The relative gene expression of IFN␥ was calculated using the comparative Ct method (2 Ϫ⌬⌬Ct ).
Structural modeling
Missing loops in the IL-12 structure were modeled with Yasara Structure, and the final structure was energy-minimized.
